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Abstract

Aim: To evaluate the potential role of miR-26 family members in periodontal patho-
genesis by assessing innate immune responses to periopathic bacteria and regulation
of cytoskeletal organization.

Materials and Methods: Expression of miR-26a-5p and miR-26b-5p was quantified
in gingival biopsies derived from healthy and periodontally diseased subjects before
and after non-surgical (scaling and root planing) therapy by RT-gPCR. Global pathway
analysis and luciferase assays were performed for target identification and validation.
Cytokine expression was assessed in miR-26a-5p transfected human oral keratino-
cytes upon stimulation with either live Porphyromonas gingivalis (Pg), Aggregatibacter
actinomycetemcomitans or Pg lipopolysaccharide (LPS). Wound closure assays were
performed in cells transfected with miR-26a-5p, while the impact on cytoskeletal
organization was assessed by F-actin staining.

Results: miR-26a-5p and miR-26b-5p were downregulated in diseased gingiva and
restored 4-6 weeks post-therapy to levels comparable with healthy subjects. Target
validation assays identified phospholipase C beta 1 as a bona fide novel target
exhibiting antagonistic expression pattern in disease and post-therapy cohorts. miR-
26a-5p transfected cells secreted higher levels of cytokine/chemokines upon stimu-
lation with periopathogens and demonstrated impaired cell migration and
cytoskeletal rearrangement.

Conclusions: Downregulated miR-26a-5p levels in periodontal inflammation may
interfere with key cellular functions that may have significant implications for host

defence and wound healing.

KEYWORDS
cell migration, cytoskeleton, microRNA, periodontitis, phospholipase C

Juhi R. Uttamani and Afsar R. Naqvi contributed equally to this study.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Journal of Clinical Periodontology published by John Wiley & Sons Ltd.

102 wileyonlinelibrary.com/journal/jcpe

J Clin Periodontol. 2023;50:102-113.


https://orcid.org/0000-0002-2194-1374
mailto:snares@uic.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/jcpe

UTTAMANI ET AL
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1 | INTRODUCTION

MicroRNAs (miRNAs) participate in the RNA interference mecha-
nism to regulate post-transcriptional gene expression, thus playing
an instrumental role in multiple physiological and pathophysiologic
functions (Guil & Esteller, 2009; O'Connell et al., 2010). The
mature miRNA-guided protein machinery associates with tran-
scripts and affects target structural stability or interferes with
translation (Kulkarni et al, 2016). Immune-mediated diseases,
including periodontitis, cause persistent inflammation and tissue
destruction of target sites, while other sites remain unaffected,
indicating a differential response to bacteria, differences in micro-
biome or changes in the regulation of inflammatory genes
(Offenbacher et al., 2008). A possible explanation could be the epi-
genetic programming occurring locally at the biofilm-gingival inter-
face leading to changes between inflamed (diseased) versus non-
inflamed (healthy) sites (Seo et al., 2015). Because miRNAs are
involved in controlling components of the epigenetic machinery, it
is crucial to assess their role in the mechanisms associated with
periodontal inflammation and in the pathophysiology of periodon-
tal disease.

To explain the molecular mechanisms associated with peri-
odontitis, numerous investigators, including our lab, have com-
pared miRNA expression profiles of diseased and healthy
periodontal (Perri et al, 2012;
et al., 2012; Naqvi et al., 2014, 2018a, 2018b, 2019). Our work on
cataloguing miRNAs in human inflamed gingival biopsies, derived

tissues Stoecklin-Wasmer

from an independent cohort of subjects, found miR-26a-5p to be
differentially expressed (Naqvi et al., 2019). Additionally, data
derived from a follow-up study performed on gingival biopsies
from a second, geographically distinct cohort of periodontitis sub-
jects, identified downregulated expression of miR-26a-5p and miR-
26b-5p correlating with the pathophysiology of periodontitis.
However, its role in periodontal inflammation/resolution and regu-
latory functions is largely unknown.

The aim of this study was to elucidate the underlying biological
consequences of the downregulated expression of miR-26a-5p and
miR-26b-5-p observed in our clinical samples. The persistent

inflammatory response and associated changes in cellular content
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Scientific rationale for study: We compared miR-26 (-26a-5p and -26b-5p) expression in gingival
biopsies from periodontally healthy and diseased subjects before and after non-surgical therapy
and correlated the outcomes with the pathophysiology of periodontal disease.

Principal findings: Downregulation of miR-26 expression in periodontal disease was restored to
levels observed in healthy gingiva after non-surgical periodontal therapy. Mechanistically, miR-
26a-5p modulates inflammation, cell migration and cytoskeleton arrangements of oral keratino-
cytes and PDL fibroblasts via direct interaction with phospholipase C beta 1.

Practical implications: Epigenetic re-programming by disease-associated microRNAs can regulate

periodontal inflammation and its resolution, and provide emerging insights for diagnostic molec-

observed in periodontitis are key factors that contribute to disease
progression. Hence, we evaluated the potential role of miR-26a-5p in
periopathogen-induced immune responses, cell migration and
cytoskeletal rearrangement in human oral keratinocytes (HOK) and
PDL-F (periodontal ligament) fibroblasts, two key cell types of the

periodontium.

2 | MATERIALS AND METHODS

21 | Study population and sample collection

This study was conducted in accordance with the Declaration of
Helsinki and approved by the Ethics Committee at the University
Auténoma de Nuevo Ledn, Facultad de Odontologia de Nuevo
Ledn, Monterrey, Mexico, and at the University of lllinois, Chicago,
College of Dentistry, Chicago, IL. The study population consisted
of 54 systemically healthy, non-smoking subjects from two geo-
graphically distinct cohorts. Cohort 1 consisted of N = 15 peri-
odontitis and N = 15 healthy control subjects presenting to the
Postgraduate Periodontics Clinic at the Universidad Autonéma de
Nuevo Leén. Cohort 2 consisted of N = 12 periodontitis and
N = 12 healthy control subjects presenting to the Postgraduate
Periodontics Clinic at the University of lllinois, Chicago. The inclu-
sion and exclusion criteria and clinical parameters are described in
Supplemental Materials and Methods. Briefly, subjects demon-
strating at least four teeth with periodontal probing depths (PPD)
>6 mm, clinical attachment loss 25 mm, bleeding on probing (BOP)
and radiographic evidence of bone loss were classified as Stage llI,
Grade B periodontitis (Tonetti et al., 2018) and were included in
the periodontitis group. Healthy controls displayed probing depths
<3 mm, no evidence of attachment loss, no BOP and no radio-
graphic evidence of bone loss. Pre- and post-therapy (scaling and
root planing) gingival biopsy samples were collected from Cohort
2. The post-therapy sample was collected after 4-6 weeks from a
site distinct from the first biopsy site. The gingival biopsy samples
were washed with sterile phosphate-buffered saline, immediately
placed in RNAlater solution (Qiagen, Gaithersburg, MD) and stored
at —80°C until further use.
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2.2 | Total RNA isolation, cDNA synthesis and
quantitative real-time PCR

Tissue samples were lysed using the TissuelLyzer (Qiagen) and total
RNA isolated using the miRNeasy kit (Qiagen), with subsequent
miRNA and mRNA expression analysis as previously reported (Perri
et al.,, 2012; Naqvi et al., 2019) and detailed in Supplemental Materials
and Methods.

2.3 | miRNA targeted pathway and gene
prediction analysis

We selected DIANA-microT-CDS algorithm, which included predicted
miRNA targets (Paraskevopoulou et al., 2013). To identify the poten-
tial miRNA binding sites on miR-26a regulated genes, miRwalk
(http://mirwalk.umm.uni-heidelberg.de/) prediction tool was used.
We selected eight different algorithm tools (DIANAMT, miRanda,
miRDB, miRWalk, PICTARS5, PITA, RNA22 and Targetscan) to identify

potential targets.

24 | Luciferase reporter constructs and dual
luciferase reporter assays

Cloning of predicted gene 3’ untranslated region (UTR) and dual lucif-
erase assays were performed as previously described (Naqvi
et al., 2015). The 3'UTR of phospholipase C beta 1 (PLCB1) was
cloned using Phusion Taq polymerase (NEB, Ipswich, MA) and primers
(forward: GCACTCGAGCAGAAGCCAGATGCTCACA,; reverse: ATGCG
GCCGCGGAAGAAACATCATGCCA) and is detailed in Supplemental
Materials and Methods.

2.5 | Cell culture and transient miRNA
transfections

Cell culture conditions are described in Supplemental Materials and
Methods. Transient transfections were performed using miScript miR-
26a-5p mimetic, inhibitor or control (Qiagen) or at 20 or 50 nM and
Lipofectamine 2000 (Life Technologies, Carlsbad, CA) in human
embryonic kidney (HEK293), HOK, PDL-F and Hela cells as previ-
ously described (Nagvi et al, 2018a, 2018b). Red siGLO oligos
(ThermoScientific) were used as transfection controls for every exper-

iment. Transfection efficiency data are shown in Figure S1.

2.6 | Expression of miR-26a-5p and PLCB1 in a
murine model of ligature-induced periodontitis

Periodontitis was induced using a 6-0 silk ligature placed bilaterally
between the maxillary first and second molar and local injection of

Porphyromonas gingivalis (Pg) strain W83 (2 pl of 1 x 10” pfu) around

buccal and palatal gingiva in 8-12-week-old female mice (n = 6) under
anaesthesia for 4 and 8 days (detailed in Supplemental Materials and
Methods).

2.7 | Cytokine analysis

HOK cultures were challenged with live Pg, Aggregatibacter actinomy-
cetemcomitans (Aa) strain Y4 (serotype B) at 50, 100 and 250 multiplic-
ity of infection (MOI) or 100 ng/ml Pg lipopolysaccharide (LPS) (Sigma
Aldrich, St. Louis, MO) for 4 and 24 h and supernatant levels of IL-8,
IL1-a, TNF-a, IL-6, CXCL10 and CCL22 were analysed by multiplex
assays using Milliplex (Millipore, Billerica, MA). Data were collected on
the Bio-Plex flow cytometer (Bio-Rad, Hercules, CA).

2.8 | Invitro wound healing assays

Cells were seeded at a density of 100,000/well in 48-well plates.
After overnight incubation, cells were transfected with mimetic, inhib-
itor or control as described above. After 24 h, a scratch was created
using a sterile 1000 pl pipettor tip. Cells were monitored over 48 h
and images captured on an Evos microscope (ThermoFisher Scientific,
Waltham, MA) at 10x magnification. After assay incubation, cells
were washed thrice with phosphate buffered saline (PBS), fixed with
2% paraformaldehyde and stained with haematoxylin and eosin.

29 | Flow cytometry

Intracellular expression of PLCB1 was assessed by flow cytometry
and analysis performed using FlowJo software (Tree Star, Ashland,
OR) as previously described (Naqvi et al., 2018a, 2018b) and detailed

in Supplemental Materials and Methods.

210 | Phalloidin staining and image analysis

After 36 h, miR-26a-5p mimetic, inhibitor or control mimetic trans-
fected cells were rinsed in PBS and fixed for 15 min in 4% parafor-
maldehyde/PBS. Samples were subsequently washed thrice and
stained with rhodamine phalloidin (Molecular Probes, Eugene, OR)
per manufacturer's instruction. Cells were washed with PBS and
stained with Hoechst nuclear dye (Molecular Probes). Fluorescence
images were captured using the Evos microscope at 20x

magnification.

211 | Viability assays

Cell viability and proliferation was determined using the CellTiter
96 AQueous Cell Proliferation Assay Kit (Promega, Madison, WI),
flow cytometry and the LIVE/DEAD Fixable Violet Dead Cell
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staining kit (Life Technologies), as previously described (Fordham
et al., 2015).

212 | Western blot

Healthy and diseased gingival biopsies (N = 3/group) were collected,
washed in sterile PBS and kept in 1x lysis buffer with protease inhibi-
tor cocktail until further use. Western blot was performed using
PLCB1 and glyceraldehyde 3-phosphate dehydrogenase antibodies
(both from Abcam, Cambridge, MA) as previously described (Nagvi
et al,, 2015; Valverde et al., 2020).

213 | Statistical analysis

Statistical analyses are described in detail in Supplemental Mate-
rials and Methods. Descriptive statistics and Cohort 1 data were
analysed using GraphPad Prism (GraphPad Software, La Jolla, CA);
analysis for Cohort 2 was conducted using SAS Statistical software
(v. 9.4, SAS Institute, Cary, NC). The results from in vitro experi-
ments were presented as means + SD or + SEM from three inde-
pendent replicates, and experiments were conducted at least three
times. The p-values were calculated using a Student's t-test and/or
analysis of variance for more than two groups. A p-value <.05 was

considered significant.

3 | RESULTS

3.1 | Decreased expression of miR-26a-5p and
miR-26b-5p in periodontitis and its restoration after
non-surgical therapy

To investigate whether miR-26 is responsive to therapy, we com-
pared the expression of miR-26 isoforms (miR-26a-5p and miR-
26b-5p) in gingiva collected from two geographically distinct
cohorts. From Cohort 1, gingival biopsies were collected from peri-
odontally healthy and diseased subjects prior to periodontal ther-
apy. From Cohort 2, gingiva was collected from periodontally
healthy subjects and from periodontitis subjects before and after
scaling and root planing (4-6 weeks post-treatment). No differ-
ences in age or gender distribution were noted between the
cohorts, although statistically significant differences in clinical
parameters were evident post-SRP. As expected, PPD and BOP
were significantly lower in the healthy group and in periodontitis
subjects after SRP compared with baseline (Tables S1 and S2). In
Cohort 1, quantitative PCR results showed significant downregula-
tion of miR-26a-5p (fold change = 0.38 + 0.14; Ct = 27.5 + 3.12;
p <.05) and miR-26b-5p (fold 0.41 +£0.21;
Ct = 29.6 +2.9; p <.01) in diseased biopsy specimens compared
with healthy controls (miR-26a-5p Ct = 25+ 2.5; miR-26b-5p
Ct = 29.6 + 2.9) (Figure 1a,b). Significantly reduced levels of miR-

change =

26a-5p (fold change = 0.76 £ 0.55; Ct = 28.2 + 2.75; p < .05) and
miR-26b-5p (fold change = 0.44 + 0.23; Ct = 28.5 + 1.5; p <.01)
were observed in diseased gingiva collected in Cohort 2, compared
with healthy controls (miR-26a-5p Ct = 26 * 3.8; miR-26b-5p
Ct = 27.9 +1.9) (Figure 1c,d). Interestingly, the levels of miR-26a-
5p (fold change = 2.1 £ 0.4; Ct = 25.6 + 2.1; p < .05) and miR-26b-
5p (fold change = 1.96 + 0.59; Ct = 25.9 + 1.5; p < .01) were sig-
nificantly increased in gingival biopsies collected 4-6 weeks post-
therapy compared with pre-treatment (Cohort 2) and were similar
to levels observed in the healthy cohort (Figure 1c,d). Results from
Cohort 2 show that miR-26 family was downregulated in diseased
gingiva and its expression restored after periodontal therapy.

Next, we asked if miR-26 expression is responsive to periodontal
therapy. Interestingly, levels of both miR-26a-5p and miR-26b-5p
negatively correlated with PPD in the periodontitis and post-therapy
groups, revealing a significant inverse correlation (for miR-26a-5p:
r = —0.82, p <.001; for miR-26b-5p: r = —0.78, p < .001) (Figure 1e,
f). Similarly, reduction in BOP post-therapy significantly correlated
with an increase in miR-26a-5p (r = —0.84, p < .001) and miR-26b-5p
(r = —0.89, p <.001). Overall, these findings strongly support that
miR-26a-5p and -26b-5p levels respond to periodontal therapy and

correlate with clinical parameters.

3.2 | Bioinformatic analysis reveals miR-26a-5p
regulates pathways relevant to cytoskeletal
organization, cell motility and innate immune
responses

To test our hypothesis that miR-26a-5p plays an important role in
the pathophysiology of periodontitis, we examined the underlying
mechanism through which it could regulate the disease process by
performing global pathway analysis using DIANA mirPath v.3 soft-
ware. Our analysis identified several pathways associated with
cytoskeletal organization, cell migration, immune cell development,
cytokine signalling, etc. (Figure 2a). Pathway analysis predicted
including PLCB1, a
membrane-associated protein with key roles in intracellular signal

multiple gene targets of miR-26a-5p

transduction pathways associated with cytoskeletal re-

organization and cell movement (Figure 2a).

3.3 | PLCB1is anovel direct target of miR-26a-5p

Using a miRNA-target prediction tool (http://mirwalk.umm.uni-
heidelberg.de/), we scanned the 3'UTR of PLCB1 for miR-26a/b
binding sites. Three putative binding sites were identified for miR-
26a-5p spread across the 3'UTR starting at nucleotide positions
620, 2398 and 2755, while two sites were identified for miR-26b-
5p at positions 641 and 2659. Due to a long 3’'UTR sequence and
same seed sequence of miR-26a-5p and miR-26b-5p, we focused
on the region that encompasses two binding sites for miR-26a-5p
(2398, 2755). Further, we screened two additional miRNAs, miR-
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FIGURE 1 Downregulation of miR-26 family levels in gingival biopsies from periodontitis subjects and its restoration after therapy.

(a) Quantitative PCR analysis of miR-26a-5p or (b) miR-26b-5p expression level in gingival biopsy samples of periodontitis patients (N = 15) as
compared with those of healthy controls (N = 15) from Cohort 1, with histograms showing relative fold change expression of miR-26a-5p and
miR-26b-5p, in periodontal inflamed and healthy gingiva. (c) Quantitative RT-PCR expression of miR-26a-5p, or (d) expression levels of miR-26b-
5p in diseased gingival biopsy samples at baseline (N = 12) and 6 weeks post-therapy (N = 12) as compared with healthy controls (N = 12) from
Cohort 2 with histogram showing relative fold change expression of miR-26a-5p and miR-26b-5p, in periodontal inflamed, treated and healthy
gingiva. Results are normalized to those of controls and are represented relative to expression of the small nuclear RNA, RNU48. Student's t-test
was used to calculate p-values. *p < .05. Data are presented as mean + SEM of three independent experiments. Expression of (e) miR-26a-5p and
(f) miR-26b-5p negatively correlates with periodontal probing depth as measured in mm, in the periodontitis groups (pre- and post-therapy).

**p < 0.01

101a-3p and miR-548a-3p, dysregulated in periodontal disease 3.4 | Upregulation of PLCB1 in periodontally

(Lee et al., 2011; Naqvi et al., 2019) and predicted to target the diseased gingiva

3'UTR of PCLB1. Figure 2b and Figure S2A show sequence align-

ments of miR-26a-5p, miR-26b-5p, miR-101a-3p and miR-548-3p To assess the functional interaction of miR-26a-5p and its target
with the PLCB1 3’UTR in the cloned region. This was cloned down- PLCB1 ex vivo, we examined PLCB1 mRNA and protein expression in
stream to the luciferase reporter and expression examined in the gingival biopsies. In contrast to the downregulation of miR-26a-5p
presence of miR-26a-5p, miR-101a-3p, miR-548a-3p mimetics or previously observed, we found upregulation of PLCB1 mRNA in dis-
control mimetic. Compared with control mimetic, miR-26a-5p eased specimens (fold change = 3.41 + 1.44; Ct = 29 + 1.55; p < .01)
transfected cells, but not miR-101a-3p or miR-548a-3p transfected compared with healthy controls (Ct = 32 + 0.7; p < .01) as quantified
cells, exhibit reduced luciferase reporter activity (Figure 2c and by RT-gPCR (Figure 3a) and three-fold upregulation of PLCB1 protein
Figure S2B), suggesting that the PLCB1 3’UTR has bona fide bind- in diseased samples by western blot (Figure 3b). In Cohort 2, a similar
ing sites for miR-26a-5p. upregulation in PLCB1 mRNA was observed in periodontally diseased
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(a) Key predicted miR-26a-5p targeted pathways
KEGG pathway p-value | #genes | #miRNAs
TGF-beta signaling pathway 0.00059 29 1
Cell cycle 7.65E-05 32 1
Wht signaling pathway 2.08E-06 55 1
Jak/Stat signaling 0.0002 35 1
Phosphatidylinositol signaling system 0.015 34 1
Adherens junction 0.006867 13 1
Lamellipodium (Arp signaling) 0.004 66 1
Hippo signaling pathway 0.015358 64 1
IL-6 mediated signaling 0.004 5 1
BMP Signaling 0.006 4 1
ErbB signalling pathway 0.006 45 1
EGF/EGEFR Signaling Pathway 0.014 66 1
beta catenin pathway 225e-4 37 1
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FIGURE 2 Phospholipase C beta 1 (PLCB1) is a novel direct target of miR-26a-5p. (a) Key predicted miR-26a-5p targeted pathways.

(b) Sequence alignment of predicted miR-26a-5p and miR-26b-5p (red boxes) binding sites in the 3'UTR of human PLCB1. Blue line represents
the cloned part of the entire PLCB1 3’UTR. (c) HEK293 cells were co-transfected with PLCB1 3'UTR construct and miR-26a-5p or control
mimetic. As a secondary control, cells were also co-transfected with empty psiCHECK-2 vector and miR-26a-5p mimetic. Renilla activity was
normalized to firefly activity, and the ratios subsequently normalized to empty vector transfected cells with miR-26a-5p mimetic set as 1. Data
are expressed as mean + SEM of three independent transfections. *p < .05. M, mimetic

(fold change = 2.5 + 0.51; Ct = 29 + 0.55; p < .05) gingival samples
compared with healthy group (Ct = 30.9 + 0.7; Figure 3c). Conversely,
periodontal therapy downregulated (fold change = 0.84 +0.48;
Ct = 32+1.9; p <.01) PLCB1 mRNA expression to levels similar to
healthy gingiva (Figure 3c). Importantly, the expression of miR-26a-5p
negatively correlated with PLCB1 expression before and after therapy
in the periodontitis group, revealing a significant inverse correlation
(r=—0.79, p < .01) between the expression levels of miR-26a-5p and
PLCB1 (Figure 3d).

To further substantiate the biological relevance of miR-26a-5p
and its target PLCB1 in periodontal disease, we examined their
expression in a murine model of ligature-induced periodontitis. We
observed increased expression of PLCB1 and decreased miR-26a-5p
levels with the progression of periodontal disease (Figure 3e,f) corrob-
orating our human cohort data. In vivo results strongly suggest that
downregulation of miR-26a-5p correlates with an upregulation of
PLCB1.

To demonstrate the functional impact of miR-26a-5p on PLCB1
expression, we examined protein and mRNA levels of PLCB1 in miR-
26a-5p overexpressing cells (HOK, HEK293 and Hela) by flow

cytometry, immunofluorescent microscopy and RT-gPCR, respec-
tively. Compared with control mimetic or control inhibitor, we
observed reduced protein levels of PLCB1 in miR-26a-5p transfected
cells (Figure 3g,i). In addition, silencing of PLCB1 transcript was
detected in miR-26a-5p overexpressing cells indicating that miRNA
binding causes transcript degradation (Figure 3h). Thus, the differen-
tial expression of miR-26a-5p in periodontally diseased tissues will

likely perturb functional regulation of PLCB1.

3.5 | miR-26a-5p regulates cytokine profiles in
response to periopathogens in human oral
keratinocytes

To gain better insight into the inflammatory control of miR-26a-5p,
we performed multiplex analysis of six different cytokines/
chemokines (IL-8, IL1-a, TNF-q, IL-6, CXCL10 and CCL22). Our results
show that compared with control mimetic, miR-26a-5p transfected
HOKs challenged with live Pg or Aa (50, 100 or 250 MOI) exhibit
remarkably different cytokine/chemokine profiles. We noted a dose-
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FIGURE 3 Upregulation of phospholipase C beta 1 (PLCB1) in periodontally diseased gingiva. (a) Quantitative PCR analysis of PLCB1
expression level in healthy and diseased gingival biopsy samples from Cohort 1 (N = 15/group) with histograms showing relative expression of
PLCBA1. (b) Quantitative PCR analysis of PLCB1 expression of miR-26b-5p in diseased gingival biopsy samples at baseline (N = 12) and 4-6 weeks
post-therapy (N = 12) as compared with healthy controls (N = 12) from Cohort 2. Results are normalized to those of controls and are represented
relative to expression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH). (c) Periodontally healthy and diseased gingival biopsies used for
western blot analysis using PLCB1 and GAPDH antibodies. Histogram shows band intensities normalized to healthy sample P1. (d) Expression of
miR-26a-5p negatively correlates with PLCB1 expression in the periodontitis patient groups (pre- and post-therapy). Relative expression of

(e) miR-26a-5p and (f) PLCB1 quantified by RT-qPCR during disease progression (Day 4 and Day 8) in a murine model of ligature-induced
periodontitis (N = 3/time point). RNU6B and p-actin were used as endogenous controls for normalization. (g) HEK293 and Hela cells transfected
with miRNA mimetic, inhibitor or control were examined for PLCB1 protein levels by flow cytometry. Histograms show PLCB1 protein levels in

cells. (h) Quantitative RT-PCR analysis of PLCB1 mRNA expression in miR-26a-5p or control mimetic transfected cells. Histograms showing
relative fold change in HelLa and HEK293 cells. GAPDH was used as endogenous control. (i) HOK cells were transfected with miR-26a-5p
mimetic, inhibitor or control mimetic and examined for protein levels of PLCB1 by immunostaining with anti-PLCB1 antibody. Nuclei were
counterstained with Hoechst dye. Representative florescent images showing reduced intensity of PLCB1 levels in miR-26a-5p mimetic expressing
oral keratinocyte cells compared with control and bar graph showing mean florescence intensity of PLCB1 on HOK cells in pixel units. Scale bar,
50 pm. Arrows highlight differences in intensities of PLCB1 staining. Values are presented as mean + SD from three independent experiments.
Student's t-test was used to calculate p-values. *p < .05; **p < .01; ***p < .001; Student's t-test. In, inhibitor; M, mimetic

and time-dependent increase in cytokine levels in response to
bacterial challenge. Specifically, compared with control mimetic,
supernatant levels of IL-6, IL-8 and IL-1a were significantly higher in
miR-26a-5p mimetic-transfected cells challenged with live Pg or Aa
(Figure 4a-h). At 4 h, only IL-8 showed significant increase in miR-
26a-5p transfected cell challenged with 250 MOI of Pg (Figure 4a-c).
At 24 h, IL-6 and IL-8 levels were significantly elevated in cultures
challenged with Pg at all the MOI, while IL-1« levels were elevated at
100 and 250 MOI (Figure 4a-c; summarized in Figure 4d).

In miR-26a-5p mimetic-transfected cells challenged with live Aa,
we noted a significant upregulation of IL-8 after 4-h challenge at
50, 100 and 250 MOI (Figure 4f). At 24 h, IL-6 levels were

significantly higher at all the MOI and IL-8 levels were higher at
100 and 250 MOI, while supernatant levels of IL-1a were significantly
elevated at 250 MOI Aa challenge (Figure 4e-g; summarized in
Figure 4h). CXCL10 did not show any significant difference at any
time point or MOI (Figure S3C), while TNF-a and CCL22 were not
detected at any of the time point examined for either Pg or Aa chal-
lenge at any time point or MOI challenge. These results suggest that
immune modulation by miR-26a-5p was similar in both Pg and Aa
challenged cells.

We also examined the impact of miR-26a-5p on cytokine/
chemokine (same as listed in previous experiment) secretion by oral

keratinocytes challenged with periodontopathogen-specific antigen,
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miR-26a-5p transfected cells secrete higher levels of cytokine/chemokines upon stimulation with live Pg or Aa. HOKs were

transfected with miR-26a-5p or control mimetic. After 24 h, cells were challenged with either live Porphyromonas gingivalis at (a) 50 multiplicity of
infection (MOI), (b) (200 MOI) or (c) 500 MOI or live Aggregatibacter actinomycetemcomitans at (d) 50 MQOI, (e) (200 MOQI) or (f) 500 MOl for 4 and
24 h and supernatants collected. Tables show a summary list of six different cytokines/chemokines analysed by multiplex bead array after 4 and
24 h challenge with live (g) Pg or (h) Aa. Data are presented as mean + SEM from four independent donors. Student's t-test was conducted to

calculate p-values. *p < .05; **p < .01; ***p < .001. M, mimetic

Pg LPS. In HOK cells challenged with Pg LPS, IL-8 and CXCL10 super-
natant levels were significantly elevated at both 4- and 24-h time
points in cells transfected with miR-26a-5p compared with control
mimetic, while IL-6 was elevated only at 24 h (Figure S3A,B). Interest-
ingly, CCL22 levels were downregulated at 4 h before increasing at
24 h. TNF-a and IL-la were not detected at either time point.
Together, these results show that higher levels of miR-26a-5p induces
cytokine response against periodontal pathogens (live or their anti-
gens) and dysregulation of miR-26a (as observed in PD) may impair

immune response.

3.6 | Functional analysis identifies miR-26a-5p as a
negative regulator of cell migration

We next examined the effects of miR-26a-5p on migration of HOK,
HEK293 and Hela cells. Cells transfected with miRNA or control
mimetic were assayed for wound closure using a scratch assay over
48 h. Compared with control mimetic or mock transfected cells, miR-
26a-5p transfected cells exhibit attenuated cell migration as observed
by reduced wound closure (Figure 5a). Figure 5b shows average HOK
cell count in the migration zone of cells expressing the indicated
miRNA or control mimetic at 48 h post-scratch. Cells transfected with

miR-26a-5p inhibitor demonstrated slightly increased migration, but

this was not significant. Further, in cells transfected with miR-26a-5p,
migration was attenuated in a dose-dependent manner (20 and
50 nM) compared with control mimetic (Figure S4) at 24 h. Moreover,
no significant changes in cell viability or proliferation were noted as
assessed by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphe-
nyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay and carboxyfluor-
escein succinimidyl ester staining in miR-26a-5p overexpressing cells,
which negated the possibility that reduction in cellular migration was
due to cell death or decreased proliferation (Figure 5c,d). These find-
ings indicate that miR-26a-5p interferes with cell migration likely
through direct targeting of its novel target PLCB1, thus supporting its
specific role in regulating this key process. Importantly, using cell
types not derived from oral tissues, our data suggest that the func-
tional interaction between miR-26a-5p and its target PLCB1 can
occur across tissues of various origins, thereby highlighting the func-

tional importance of miR-26a-5p, a ubiquitously expressed miRNA.

3.7 | miR-26a-5p overexpressing cells display
impaired cytoskeletal organization

The structure and shape of gingiva and periodontium as a whole are
determined by the cellular molecular framework or cytoskeletal lat-

tice. Cellular actin polymerization and disassembly play a crucial role
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FIGURE 5 miR-26a-5p negatively regulates cell migration. Cultured HOK, HEK293 and Hela cells were transfected with miRNA, inhibitor or

control mimetic (all at 50 nM), and scratch wound healing assays were performed. (a) Representative image of Hela cells were transfected with
miR-26a-5p mimetic, inhibitor, control mimetic or mock (lipofectamine only) and wound closure assays performed at 48 h. H&E stained images of
cells captured at the end of assay. Experiments were performed at least thrice with duplicate transfections. Bar—100 pm. (b) Representative
histogram of average HOK cell count in the migration zone at 24 h post-transfection with indicated miRNA mimetics or control. Reduced wound
closure was noticed in miR-26a-5p compared with control mimetic. Experiments were performed at least thrice with duplicate transfections.

(c) miR-26a-5p mimetic (M), inhibitor (In) or control mimetic transfected (all at 50 nM final concentration) HeLa and HEK293 cultures were
assessed for cell viability using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay.
Histograms showing the similar viability in all transfected and mock samples. Values are presented as mean + SD from three independent
experiments. No significant differences were observed in the cell viability. Student's t-test. (d) Hela stained with carboxyfluorescein succinimidyl
ester (CFSE) were transfected with miR-26a-5p mimetic (M), inhibitor (In) or control mimetic (M). Cell proliferation was assessed by examining
CFSE florescence using flow cytometry. Histograms showing comparison of cell proliferation in transfected cells. The peaks in each histogram
represent successive generations of live proliferating cells. All the treatments showed similar cell proliferation activity. *p < .05; **p < .01;

*okok

p < .001; Student's t-test. HOK, human oral keratinocytes

in multiple diseases (Friedl & Gilmour, 2009). miR-26a-5p pathway
analysis revealed multiple pathways related to cytoskeletal regulation.
We therefore questioned whether miR-26a-5p mediated inhibition of
cell migration is a result of aberrant actin polymerization. Cells trans-
fected with miR-26a-5p mimetic, inhibitor or control were assessed
for F-actin in two key cell types of the periodontium namely, HOK
and PDL-F. Compared with inhibitor and control, lower concentration
of F-actin staining was observed in miR-26a-5p mimetic expressing
cells using immunofluorescent microscopy (Figure 6a,b). Conversely,
miR-26a-5p inhibitor transfected Hela cells exhibit long, bright and
highly dense distribution of F-actin (Figure 6c) strongly supporting a
role of miR-26a-5p in controlling the cytoskeletal network. These
findings verify the functional interaction between miR-26a-5p and its
PLCB1 in different cell types. Together, these results demonstrate
miR-26a-5p can modulate actin organization, which in turn impairs

cell migration.

4 | DISCUSSION

Disruption in cellular signal transduction pathways resulting from
aberrations in miRNA expression may confer frequent and selective
biological advantages during the propagation of periodontal disease
(Perri et al., 2012; Pettiette et al., 2019; Naqvi & Slots, 2021), thereby
leading to accelerated disease progression or delayed resolution. In
order to correlate the observation of downregulated miR-26a-5p
expression with the pathophysiology of periodontitis, we questioned
its possible functional role in the disease process. Previously validated
gene targets for miR-26a-5p including enhancer of zeste homologue
2 (EZH2), la-related protein 1 (LARP1) and transmembrane protein 184B
(TMEM18) inhibit cell migration, proliferation and invasion, suggesting
that miR-26a-5p may modulate cell survival through regulation of multi-
ple pathways (Lu et al., 2011; Fukumoto et al., 2015; Kato et al., 2015).

Conversely, miR-26a-5p overexpression is reported to promote cell
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FIGURE 7 Model illustrating the putative role
of miR-26a-5p in periodontal health and disease.
Downregulation of miR-26-5p in periodontitis can
result in upregulation of phospholipase C beta

1 (PLCB1) and augmented cytokine/chemokine
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death by targeting anti-apoptotic genes such as induced myeloid leukae-
mia cell differentiation protein (Gao et al., 2013). Our results show that
miR-26a-5p and its cognate target PLCB1 exhibit antagonistic relation-
ship in gingival tissues derived from two independent cohorts of healthy
and periodontally disease subjects, both at the RNA and protein levels.
Importantly, miR-26a-5p levels exhibit significant correlation with

and cell motility responses

probing depth, BOP and PLCB1 in pre- and post-therapy subjects,
strongly suggesting its role in disease progression and resolution. miR-
26a-5p downregulation and induction of PLCB1 expression was also
observed in a murine model of ligature-induced periodontitis, further
supporting a key association between miRNA:mRNA expression and dis-
ease progression. Our dual luciferase assays show that miR-26a-5p
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directly regulates PLCB1 by interacting with its 3'UTR and likely causes
degradation of PLCB1 transcripts as observed by RT-gPCR in miR-26a-
5p transfected cells. Moreover, reduced PLCB1 protein levels were
detected in miR-26a-5p expressing cells. Thus, we identified a novel tar-
get of miR-26a-5p critical in signal transduction that may be relevant to
periodontopathogenesis.

The pleiotropic impact of downregulated miR-26a-5p and upre-
gulated PLCB1 expression in periodontitis can perturb pathways
involved in inflammation, cell motility and cytoskeletal framework.
Indeed, we previously reported impaired cell migration and structural
defects in myeloid cells overexpressing miR-30b and miR-142-3p
(Valverde et al., 2020). In this study, we show an immuno-modulatory
role of miR-26a-5p in TLR-induced innate immune responses by
enhancing cytokine/chemokine expression in miR-26a-5p transfected
HOK challenged with live periodontopathogens or their LPS
(Figure S3A,B). The observation of reduced miR-26a-5p and miR-26b-
5p expression in diseased gingival tissues and restoration to levels
comparable to healthy gingiva post-treatment ascertains the fact that
miR-26 family members may be required for reinstating periodontal
tissue homeostasis in inflammatory conditions and in modulating pro-
inflammatory cytokine/chemokine levels. In addition, our results indi-
cate marked changes in cytoskeletal organization in HOKs and PDL-F
as observed by changes in F-actin staining patterns induced by miR-
26a-5p mimetic. Decreased cellular migration upon enforced miR-
26a-5p expression could be indicative of the possible requirement of
a basal level of miR-26a-5p:PLCB1 in the active restructuring of peri-
odontal tissues. Interestingly, suppressing the activity of miR-26a-5p
by miRNA inhibitor relieves miR-26a-5p regulation of its target(s) and
hence we noticed longer, intact and intensely stained actin fibres.
Thus, miRNAs expressed in gingival tissues may actively participate in
disease-associated tissue restructuring by directly targeting genes
involved in cell migration of HOK and PDL-F, key cells of the
periodontium.

Although our study did not determine the location of miR-26a-5p
in periodontal tissues and cell components, the insights provided by
our present data could pave the way for further analysis of miR-26a-
5p in periodontal pathogenesis and resolution of inflammation. How-
ever, miR-26a-5p being ubiquitous is likely present in multiple cell
types (Gao et al., 2013; Miyamoto et al., 2016). Extensive functional
experiments in vitro, in animal models of periodontal disease along
with studies with larger cohorts in humans, are required to validate
the suitability of the miR-26a-5p for the development of potential
biomarkers and therapeutic targets for periodontitis. This is especially
important in validating expression of miR-26a-5p and PLCB1 in gingi-
val specimens.

In conclusion, our results provide evidence of a significant role for
miR-26a-5p in the regulation of diseases governed by host immune
responses, such as periodontitis. The deranged immuno-modulatory
and cell motility responses could occur via direct interaction with its tar-
get gene PLCB1, thereby affecting the biological functions and behav-
iour of cells. A noteworthy finding was that post-periodontal therapy,
gingival levels of miR-26a-5p (and its gene target PLCB1) were restored
to those observed in periodontally healthy subjects, further affirming

the role of miR-26a-5p in the periodontal tissue homeostasis (Figure 7).
These results elucidate mechanisms whereby the inflammatory
response and cell migration modulated by miR-26a-5p (and its
interaction with PLCB1) can be potentially targeted for therapeutic
purposes, thus unravelling the regulatory miRNA circuits and our
understanding of immunobiology and periodontal pathology.
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